Introduction
A fundamental feature of the Standard Model and its three quark generations is that all CP violation phenomena are the result of a single phase in the CKM quark-mixing matrix [1] . The validity of this model may be tested in several ways, and one -verifying the unitarity condition V ud V * ub + V cd V * cb + V td V * tb = 0 -is readily applicable to B mesons. This condition describes a triangle in the complex plane whose area is proportional to the amount of CP violation in the model [2] . Following the observation of CP violation in the B 0 system [3], the focus has turned to testing the unitarity of the theory by over-constraining the sides and angles of this triangle. Most related measurements involve loop or box diagrams, and for which the CKM model is typically assumed when interpreting data [4] . This means the least-well determined observable, the phase γ = arg (−V ud V * ub /V cd V * cb ) is of particular interest as γ = 0 can produce direct CP violation in tree decays. [6] , requires the favoured, b → c decay to be followed by a doubly Cabibbo-suppressed D decay, and the suppressed b → u decay to precede a favoured D decay. The amplitudes of such combinations are of similar total magnitude and hence large interference can occur. For both the CP -mode and ADS methods, the interesting observables are partial widths and CP asymmetries.
In this paper, we present measurements of the B ± decays in the CP modes, [
± combination where h indicates either pion or kaon. Decays where the bachelor -the charged hadron from the B − decay -is a kaon carry greater sensitivity to γ. B − → Dπ − decays have some limited sensitivity and provide a high-statistics control sample from which probability density functions (PDFs) are shaped. In total, 13 observables are measured: three ratios of partial widths
where f represents KK, ππ and the favoured Kπ mode, six CP asymmetries
and four charge-separated partial widths of the ADS mode relative to the favoured mode
Elsewhere, similar analyses have established the Collider to record large samples of heavy hadron decays. It instruments the pseudorapidity range 2 < η < 5 of the proton-proton (pp) collisions with a dipole magnet and a tracking system which achieves a momentum resolution of 0.4 − 0.6% in the range 5 − 100 GeV/c. The dipole magnet can be operated in either polarity and this feature is used to reduce systematic effects due to detector asymmetries. In 2011, 58% of data were taken with one polarity, 42% with the other. The pp collisions take place inside a silicon microstrip vertex detector that provides clear separation of secondary B vertices from the primary collision vertex (PV) as well as discrimination for tertiary D vertices. Two ring-imaging Cherenkov (RICH) detectors with three radiators (aerogel, C 4 F 10 and CF 4 ) provide dedicated particle identification (PID) which is critical for the separation of
A two-stage trigger is employed. First a hardware-based decision is taken at a frequency up to 40 MHz. It accepts high transverse energy clusters in either an electromagnetic calorimeter or hadron calorimeter, or a muon of high transverse momentum (p T ). For this analysis, it is required that one of the three tracks forming the B ± candidate points at a deposit in the hadron calorimeter, or that the hardware-trigger decision was taken independently of these tracks. A second trigger level, implemented entirely in software, receives 1 MHz of events and retains ∼ 0.3% of them. It searches for a track with large p T and large impact parameter (IP) with respect to the PV. This track is then required to be part of a secondary vertex with a high p T sum, significantly displaced from the PV. In order to maximise efficiency at an acceptable trigger rate, the displaced vertex is selected with a decision tree algorithm that uses p T , χ 2 IP , flight distance and track separation information.
Full event reconstruction occurs offline, and after preselection around 2.5 × 10 5 events are available for final analysis.
Approximately one million simulated events for each
± signal mode are used as well as a large inclusive sample of generic B → DX decays. These samples are generated using a tuned version of Pythia [16] to model the pp collisions, EvtGen [17] encodes the particle decays and Geant4 [18] to describe interactions in the detector. Although the shapes of the signal peaks are determined directly on data, the inclusive sample assists in the understanding of the background. The signal samples are used to estimate the relative efficiency in the detection of modes that differ only by the bachelor track flavour.
Event selection
During event reconstruction, 16 combinations of Reconstructed candidates are selected using a boosted decision tree (BDT) discriminator [21] . It is trained using a simulated sample of
2 ) of the independent sample collected in 2010. The BDT uses the following properties of the candidate B ± decay:
• From the tracks, the D and B ± : p T and χ
IP
with respect to the PV;
• From the B ± and D: decay time, flight distance from the PV and vertex quality;
• From the B ± : the angle between the momentum vector and a line connecting the PV to its decay vertex.
Information from the rest of the event is employed via an isolation variable that considers the imbalance of p T around the B ± candidate,
where the n p T sums over the n tracks within a cone around the candidate excluding the three signal tracks. The cone is defined by a circle of radius 1.5 in the plane of pseudorapidity and azimuthal angle (measured in radians). As no PID information is used as part of the BDT, it performs equally well for all modes considered here.
The optimal cut value on the BDT response is chosen by considering the combinatorial background level (b) in the invariant mass distribution of favoured
The large signal peak in this sample is scaled to the anticipated ADS-mode branching fraction to provide a signal estimate (s). The quantity s/ √ s + b serves as an optimisation metric. The BDT response peaks towards 0 for background and 1 for signal. The optimal cut is found to be > 0.92 for the ADS mode; this is also applied to the favoured mode. For the cleaner CP modes, a cut of BDT > 0.80 gives a similar background level but with a 20% higher signal efficiency.
PID information is quantified as differences between the logarithm of likelihoods, ln L h , under five mass hypotheses, h ∈ {π, K, p, e, µ} (DLL). Daughter kaons of the D meson are required to have DLL Kπ = ln L K − ln L π > 2 and daughter pion must have DLL Kπ < −2. Multiple candidates are arbitrated by choosing the candidate with the best-quality B ± vertex; only 26 events in the final sample of 157 927 require this consideration.
Candidates from B decays that do not contain a true D meson can be reduced by requiring the flight distance significance of the D candidate from the B − vertex to be > 2. The effectiveness of this cut is monitored in the D sideband where it is seen to remove significant structures peaking near the B − mass. A simulation study of the
− modes suggests this cut leaves 2.5, 1.3 and 0.8 events respectively under the
This cut also removes cross feed (e.g. As simulation is used to define background shapes, it is useful to apply linear momentum scaling factors separately to the two polarity datasets so the B ± mass peak is closer to m PDG . This cut is tight enough that no cross feed occurs from the favoured mode into the CP modes. In contrast, the ADS mode suffers a potentially large cross feed from the favoured mode in the circumstance that both D daughters are misidentified. The invariant mass spectrum of such cross feed is broad but peaks around m 
represent an important, Cabibbo-favoured background. PDFs of both these sources are defined from simulation, smeared by the modest degradation in resolution observed in data. When discussing these contributions, inclusion of the charge conjugate process is implied throughout.
Signal yield determination
The observables of interest are determined with a binned maximum-likelihood fit to the invariant mass distributions of selected B candidates [23] . Sensitivity to CP asymmetries is achieved by separating the candidates into B − and B + samples. B ± → DK ± events are distinguished from B ± → Dπ ± using a PID cut on the DLL Kπ of the bachelor track. Events passing this cut are reconstructed as DK ± , events failing the cut are reconstructed as the Dπ ± final state. The fit therefore comprises four subsamples -(plus, minus)×(pass, fail) -for each D mode, fitted simultaneously and displayed in Figs. 1-4 . The total PDF is built from four or five components representing the various sources of events in each subsample.
B
± → Dπ ± . In the sample failing the bachelor PID cut, a modified Gaussian function,
describes the asymmetric peak of mean µ and width σ where α L (x < µ) and α R (x > µ) parameterise the tails. True B ± → Dπ ± events that pass the PID cut are reconstructed as B ± → DK ± . As these events have an incorrect mass assignment they form a displaced mass peak with a tail that extends to higher invariant mass. These events are modelled by the sum of two Gaussian PDFs also altered to include tail components. All parameters are allowed to vary except the lower-mass tail which is fixed to ensure fit stability and later considered amongst the systematic uncertainties. These shapes are considered identical for B − and B + decays and for all four D modes. This assumption is validated with simulation.
± → DK ± : In the sample that passes the DLL Kπ cut on the bachelor, the same modified Gaussian function is used. The mean and the two tail parameters are identical to those of the larger, B ± → Dπ ± peak. The width is 0.95 ± 0.02 times the Dπ ± width, as determined by a standalone study of the favoured mode. Its applicability to the CP modes is checked with simulation and a 1% systematic uncertainty assigned. Events failing the PID cut are described by a fixed shape that is obtained from simulation and later varied to assess the systematic error. The proportion of B ± → Dh ± passing or failing the PID requirement is determined from a calibration analysis of a large sample of D * ± decays reconstructed as
In this calibration sample, the K and π tracks may be identified, with high purity, using only kinematic variables. This facilitates a measurement of the RICH-based PID efficiency as a function of track momentum, pseudorapidity and number of tracks in the detector. By reweighting the calibration spectra in these variables to match the events in the B ± → Dπ ± peak, the effective PID efficiency of the signal is deduced. This data-driven technique finds a retention rate, for a cut of DLL Kπ > 4 on the bachelor track, of 87.6% and 3.8% for kaons and pions, respectively. A 1.0% systematic uncertainty on the kaon efficiency is estimated from simulation. The B ± → Dπ ± fit to data becomes visibly incorrect with variations to the fixed PID efficiency > ±0.2% so this value is taken as the systematic uncertainly for pions.
A small negative asymmetry is expected in the detection of K − and K + mesons due to their different interaction lengths. A fixed value of (−0.5 ± 0.7)% is assigned for each occurrence of strangeness in the final state. The equivalent asymmetry for pions is expected to be much smaller and (0.0 ± 0.7)% is assigned. This uncertainty also accounts for the residual physical asymmetry between the left and right sides of the detector after summing both magnet-polarity datasets. Simulation of B meson production in pp collisions suggests a small excess of B + over B − mesons. A production asymmetry of (−0.8 ± 0.7)% is assumed in the fit such that the combination of these estimates aligns with the observed raw asymmetry of B ± → J/ψ K ± decays at LHCb [26] . Ongoing studies of these instrumentation asymmetries will reduce the associated systematic uncertainty in future analyses. The final B ± → Dh ± signal yields, after summing the events that pass and fail the bachelor PID cut, are shown in Table 1 . The invariant mass spectra of all 16 Figs. 1-4 . Regarding the B ± → Dπ ± mass resolution: respectively, 14.1 ± 0.1, 14.2 ± 0.1 and 14.2 ± 0.2 MeV/c 2 are found for the D → KK, Kπ and ππ modes with common tail parameters α L = 0.115 ± 0.003 and α R = 0.083 ± 0.002. As explained above, the B ± → DK ± widths are fixed relative to these values. 
The ratio of partial widths relates to the ratio of event yields by the relative efficiency with which B ± → D 0 K ± and B ± → D 0 π ± decays are reconstructed. This ratio, estimated from simulation, is 1.012, 1.009 and 1.005 for D → KK, Kπ, ππ respectively. A 1.1% systematic uncertainty, based on the finite size of the simulated sample, accounts for the imperfect modelling of the relative pion and kaon absorption in the tracking material.
The fit is constructed such that the observables of interest are parameters of the fit and all systematic uncertainties discussed above enter the fit as constant numbers in the model. To evaluate the effect of these systematic uncertainties, the fit is rerun many times varying each of the systematic constants by its uncertainty. The resulting spread (RMS) in the value of each observable is taken as the systematic uncertainty on that quantity and is summarised in Table 2 . Correlations between the uncertainties are considered negligible so the total systematic uncertainty is just the sum in quadrature. For the ratios of partial widths in the favoured and CP modes, the uncertainties on the PID efficiency and the relative width of the DK ± and Dπ ± peaks dominate. These sources also contribute in the ADS modes, though the assumed shape of the B 0
For the CP asymmetries, instrumentation asymmetries at LHCb are the largest source of uncertainty. Table 2 : Systematic uncertainties on the observables. PID refers to the fixed efficiency of the DLL Kπ cut on the bachelor track. PDFs refers to the variations of the fixed shapes in the fit. "Sim" refers to the use of simulation to estimate relative efficiencies of the signal modes which includes the branching fraction estimates of the Λ 0 b background. A instr. quantifies the uncertainty on the production, interaction and detection asymmetries. 
Results
The results of the fit with their statistical uncertainties and assigned systematic uncertainties are: From these measurements, the following quantities can be deduced:
where the correlations between systematic uncertainties are taken into account in the combination and angled brackets indicate weighted averages. The above definition of R CP + is only approximate and is used for experimental convenience. It assumes the absence of CP violation in B ± → Dπ ± and the favoured B ± → DK ± modes. The exact definition of R CP + is
so an additional, and dominant, 1% systematic uncertainty accounts for the approximation. For the same reason, a small addition to the systematic uncertainty of R Kπ K/π is needed to quote this result as the ratio of B ± branching fractions,
To summarise, the B ± → DK ± ADS mode is observed with ∼ 10σ statistical significance when comparing the maximum likelihood to that of the null hypothesis. This mode displays evidence (4.0σ) of a large negative asymmetry, consistent with the asymmetries reported by previous experiments [10, 11, 12] . The B ± → Dπ ± ADS mode shows a hint of a positive asymmetry with 2.4σ significance. The KK and ππ modes both show positive asymmetries. The statistical significance of the combined asymmetry, A CP + , is 4.5σ which is similar to that reported in [7, 9] albeit with a smaller central value. All these results contain dependence on the weak phase γ and will form an important contribution to a future measurement of this parameter.
Assuming the CP -violating effects in the CP and ADS modes are due to the same phenomenon (namely the interference of b → cūs and b → ucs transitions) we compare the maximum likelihood with that under the null-hypothesis in all three D final states where the bachelor is a kaon. This loglikelihood difference is diluted by the non-negligible systematic uncertainties in A CP + and A ADS(K) which are dominated by the instrumentation asymmetries and hence are highly correlated. In conclusion, with a total significance of 5.8σ, direct CP violation in B ± → DK ± decays is observed. 
5400 5600
candidates, B + are on the right. In the top plots, the bachelor track passes the DLL Kπ > 4 cut and the B candidates are reconstructed assigning this track the kaon mass. The remaining events are placed in the sample displayed on the bottom row and are reconstructed with a pion mass hypothesis. The dark (red) curve represents the B → DK ± events, the light (green) curve is B → Dπ ± . The shaded contribution are partially reconstructed events and the total PDF includes the combinatorial component. 
